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In this work, we consider the process e+ + e− → bb¯ + /ET , at the future electron-positron
colliders such as the International Linear Collider and Compact Linear Collider, to look for
the dark matter (DM) effect and identify its nature at two different centre-of-mass energies
Ec.m. = 500 GeV and 1 TeV. For this purpose, we take two extensions of the standard model,
in which the DM could be a real scalar or a heavy right-handed neutrino (RHN) similar to many
models motivated by neutrino mass. In the latter extension, the charged leptons are coupled to
the RHNs via a lepton flavor violating interaction that involves a charged singlet scalar. After dis-
cussing different constraints, we define a set of kinematical cuts that suppress the background, and
generate different distributions that are useful in identifying the DM nature. The use of polarized
beams (like the polarization P (e−, e+) = [+0.8,−0.3] at the International Linear Collider) makes
the signal detection easier and the DM identification more clear, where the statistical significance
gets enhanced by twice (five times) for scalar (RHN) DM.
I. INTRODUCTION
The standard model (SM) has achieved a great success in describing the particle physics phenomenology at
high energies, especially after the recent discovery at the LHC of a Higgs boson with mass around 125 GeV [1, 2],
which is its most important success until now. Despite its successes, the SM is unable to explain many questions
such as baryon asymmetry of the Universe, dark matter (DM), and neutrino masses and their mixing. Indeed,
the first strong experimental evidence that the SM is complete was the neutrino oscillation observation [3].
One of the popular mechanisms to explain the smallness of neutrino masses is the so-called seesaw mech-
anism [4]. Another approach is based on getting naturally small neutrino masses radiatively, where the loop
suppression factor, 1/(16 pi2)n, makes the suppression natural instead of a suppression by a large scale of new
physics (NP) [5–12] (for a review, see Ref [13]). Some of these models address, in addition to neutrino oscillation
data, the DM problem in which a heavy right-handed neutrino (RHN) with a mass range from GeV to TeV
can play the role of a good DM candidate [7, 10, 11, 14, 15]. These models predict an interesting signature
at collider experiments [16–18]. For instance, in Ref. [18], the authors have probed the interactions of RHN
with charged leptons via a singlet charged scalar by considering many final states at e−e+ colliders such as
``+ /ET , ``+ γ + /ET and γ + /ET . This analysis was performed by taking into account all constraints: lepton
flavor violating (LFV) processes, the muon anomalous magnetic moment [19], relic density, and the monophoton
negative searches at LEP-II [20].
The International Linear Collider (ILC) and the Compact Linear Collider (CLIC) were proposed to discover
physics beyond the SM, where the ILC can scan the c.m. energies from 250 to 500 GeV, with a possible
expandability to 1 TeV [21–23], and the CLIC is subject to development with c.m. energies from 380 GeV to
3 TeV, with luminosity up to 2000 fb−1 [24]. The leptonic collider has the option of polarized beams, which
may lead to an increasing signal/background ratio, and therefore enhances the NP signal strength. This could
provide a valuable opportunity to detect new particles and determine their properties. In Ref. [25], it has been
found that the b-tagging efficiency is about 80% when the misidentification efficiencies for the c jet and u/d/s
jet are below 10% and 1%, respectively. This motivates any analysis that involves b jets. For instance, in
Ref. [26], it has been shown that by considering the final state bb¯+ /ET at the ILC, the hWW coupling can be
measured at a precision of 4.8% and 1.2% at 250 and 500 GeV, respectively. This analysis was performed using
the beams polarization P (e−, e+) = [+0.8,−0.3].
Another approach to dealing with the DM problem is to extend the SM with singlet scalar(s), which plays a
DM candidate role. This scalar is assigned by a global Z2 symmetry in order to ensure the DM stability [27, 28].
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2Whatever the DM nature is, when a DM pair is produced, it does not leave any signature or trace at the
detectors and behaves as missing energy. If one considers the final state jj + /ET at e
−e+ colliders such as the
ILC or CLIC, where /ET = DM +DM , then the dijet may come from the Z/γ
∗-gauge boson and/or the Higgs
depending on the model considered: SM, scalar DM, or RHN DM. So, if the dijet is coming from the Higgs,
then it would be suppressed except for the b jets. Therefore, we will consider here only b-tagged jets that can
come form Z/γ∗/Higgs according to the model and use the polarization to identify the DM nature. So, in this
work, we will consider the signal e−e+ → bb¯+ /ET and try to propose relevant cuts that reduce the background
and identify the DM nature based on the distributions shape with respect to the background.
This paper is organized as follows. In Sec-II, we describe the models and different current experimental
constraints such as invisible Higgs decay, the muon anomalous magnetic moment, lepton flavor violation, DM
relic density ΩDMh
2, and the LEP-II data. We propose different values for the model parameters, taking into
account different bounds. In Sec-III, we describe the investigated process in detail, and we discuss our results
in Sec-IV, where we consider the cases with polarized and unpolarized beams. Finally, we give our conclusion
in Sec-V.
II. DM MODELS AND CONSTRAINTS
In this work, we will consider two types of models in which the DM could be either a real scalar or a heavy
RHN. Therefore, we consider for the case of scalar DM a generic case of the Higgs portal [29], and in the case of
heavy RHNs, we propose the SM extended with three heavy RHNs, Ni(i = 1, 2, 3), and an electrically charged
scalar field, S±, which is a singlet under the SU(2)L gauge group. In addition, to ensure the DM candidate
stability, we impose a global discrete Z2 symmetry, under which {S,Ni} → {−S,−Ni} and all other fields are
even [17].
A. Scalar dark matter
We consider a very simple extension of the SM by adding a real singlet scalar defined under SU(3)C ⊗
SU(2)L ⊗ U(1)Y as φ ∼ (1, 1, 0). This scalar field has to obey a global Z2 symmetry and should not develop a
vacuum expectation value (vev), and therefore it could be a weakly interacting massive particle. In this setup,
the DM candidate can self-annihilate into SM particles final states via the Higgs mediation. According to the
scalar field mass and its coupling to Higgs, one can get the relic density and avoid the direct detection cross
section bound.1 The Lagrangian reads
L = LSM + 1
2
∂µφ∂µφ− V (φ,H) , (1)
where H is the SM Higgs doublet and V (φ,H) is the scalar potential, which after the electroweak symmetry
breaking reads
V (φ, h) ⊃ 1
2
m2φφ
2 +
csυ
2
hφ2, (2)
with mφ the real scalar mass after the symmetry breaking, cs the quartic coupling constant of the potential
term φ2 |H|2, υ = 246 GeV the SM doublet vev, and h the usual SM Higgs field. So, the model is defined just
by two free parameters: the coupling constant cs and the scalar mass mφ. At an electron-positron collider, it
is possible to produce the real singlet scalar φ via the Z fusion e−e+ → e−e+h→ e−e+φφ, or by the associate
production e−e+ → Zh→ Zφφ , where the Z gauge boson subsequently decays, primarily hadronically [30]. If
the Higgs decay into invisible channel h→ φφ, the decay width is given by
Γinv (h→ φφ) = c
2
sυ
2
32pimh
(
1− 4m
2
φ
m2h
) 1
2
. (3)
1 By adding another scalar to the SM that assists the electroweak symmetry breaking, one can easily avoid the direct detection
bound [28].
3Model Parameters
M1 {mφ, cs} = {10 GeV, 1.25× 10−2},
M2 {mφ, cs} = {60 GeV, 2.35× 10−2}.
TABLE I: The parameters values for model 1 and model 2.
LFV process Current bound
B (µ→ e+ γ) 4.2× 10−13 [37]
B (τ → µ+ γ) 4.4× 10−8 [30]
B (τ → e+ γ) 3.3× 10−8 [38]
B (τ → e− + e+ + e−) 2.7× 10−8 [39]
B (µ→ e− + e+ + e−) 1.0× 10−12 [40]
B (τ → µ− + µ+ + µ−) 2.1× 10−8 [39]
TABLE II: The current bounds for different LFV observables.
The experimental constraint on the invisible Higgs decay reads
Binv (h→ φφ) = Γinv
Γinv + Γ
tot
SM
≤ 0.16, (4)
where ΓtotSM = 4.20 MeV is the SM Higgs total width [31]. This bound can be translated into a constraint on
the couplings cs and the scalar mass mφ as
cs ≤ 1.2882× 10−2
(
1−
( mφ
62.5 GeV
)2)− 14
. (5)
In our analysis, we focus on the case in which the scalars are pair produced through an on-shell Higgs decay.
This means that we will consider the light masses range mφ ≤ mh/2, and we choose two values of the model
free parameters {mφ, cs}, where they respect the experimental constraint (4). We call them model 1 (M1) and
model 2 (M2).
B. Fermionic dark matter
In this case, the SM was extended with an electrically charged singlet scalar field S+ ∼ (1, 1, 2) and three
RHNs, Ni ∼ (1, 1, 0) [10]. The Lagrangian has the form [32]
L = LSM + {giαNCi `αRS+ +
1
2
mNiN
C
i Ni + h.c} − V, (6)
where `αR is the right-handed charged lepton, mNi are the heavy RHN’s masses, C denotes the charge con-
jugation operator, and giα are the new Yukawa couplings. Here, V is the scalar potential. The Greek letters
denote α = µ, e, τ , and the fermion generations are labelled by i = 1, 2, 3. When the Z2 symmetry is imposed,
the lightest RHNs becomes stable and could be a good DM candidate [10, 33]. These couplings as well the
RHNs and the charged scalar masses enter the expression of the neutrino mass matrix elements depending on
the model details.
The interactions (6) induce a new contribution to the muon’s anomalous magnetic moment and LFV processes
such as `α → `β + γ and `α → `β + ¯`β + `β , and all are generated at one loop via the exchange of the charged
scalar S±, where the branching ratios are given in Refs [15, 34, 35]. Unlike other models [36], the contribution
to the muon anomalous magnetic moments in this model is negative [15], and therefore does not to close the gap
between the experimental measurement and the SM prediction δaµ = a
exp
µ − aSMµ = 288(63)(43) × 10−11 [30].
In Table II, we present the current bounds on different LFV observables.
The current experimental bounds in Table II must be fulfilled by the interactions (6), as well other bounds
such as DM relic density if N1 is considered as a DM candidate. If this is the case, the main annihilation channel
4would be the S±-mediated process N1N1 → `α`β . In case in which there exist other annihilation channels,2 an
extra contribution to the total annihilation cross section will affect the relic density value. Therefore, to take
into account this case, one has to adjust the charged scalar mass and the new Yukawa couplings in order to
ensure ΩDMh
2 = 0.1186± 0.0020 [41].
In this work, we will focus on the process e−e+ → bb¯ + /ET considering unpolarized beams for two c.m.
energies: Ec.m. = 500 GeV and 1 TeV. Then, we expand our analysis and discussion by using the different
beam polarizations at the electron-positron linear colliders that can be available at the ILC and CLIC, where in
SM, the process mentioned above has three subprocesses, in which the missing energy is the light SM neutrinos
/E
(SM)
T ≡ ναν¯α, where α = µ, e, τ . In the case of RHN DM, the heavier RHNs, N2,3, are pair produced at the
collider, and decay into pairs of charged leptons `αR `βR (α, β = µ, e, τ) and a pair of DM N1N1 via S
±-mediated
processes.
If mN1,2,3 < mS , in this case N2,3 has a three-body decay, and therefore may decay outside of the detector.
In the inverse case mN1 < mS < mN2,3 , N2,3 has a two-body decay with a larger decay width and a smaller
distance, which should be inside the detector. Then, the missing energy in the process e−e+ → bb¯+ /ET could
be defined in the three cases as:
1. /ET = N1N1, if N2 and N3 decays inside the detector,
2. /ET = N1N1, N1N2, N2N2, if only N2 decays outside the detector,
3. /ET = N1N1, N1N2, N1N3, N2N2, N2N3, N3N3, if all N2,3 decay outside the detector.
To check whether these three cases correspond to mN1,2,3 < mS , mN1,2 < mS < mN3 , and mN1 < mS < mN2,3 ,
respectively, one should estimate the distance travelled by the heavier RHNs N2,3.
The distance Di travelled by the heavier RHNs Ni can be defined by
Di
1 c.m.
= 1.98× 10−4
(
Γi
10−7 MeV
)−1(
E2i
m2Ni
− 1
)1/2
, (7)
where Γi, mNi , and Ei are the heavy RHN’s decays widths, masses, and energies respectively, and i = 2, 3.
Here, the total decay width of Ni, Γi, is estimated using LANHEP/CALCHEP [42, 43].
In Fig. 1, we show the travelled distance Di as a function of mN2,3 for the three aforementioned cases for 500
benchmark points that fulfil the muon anomalous magnetic moment and the LFV bounds on `α → `β + γ and
`α → `β + ¯`β + `β .
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FIG. 1: The distance Di travelled by the heavier RHNs as a function of their masses for the three cases: mN1,2,3 < mS
(left), mN1,2 < mS < mN3 (middle) and mN1 < mS < mN2,3 (right). Here, we consider the typical energy for N2,3 to be
200GeV .
It is clear from Fig. 1 that N3 decays mostly inside the detector except for a few benchmark points in the case
in which the charged scalar is the heaviest. For the RHN N2, it decays inside the detector in the case in which
it is heavier than the charged scalar. In the inverse case, it could decay either inside or outside the detector
depending on the couplings.
A search with a negative result had been performed by the L3 Collaboration at LEP-II about a single photon
with a missing energy signal at c.m. energies 189 and 209 GeV with the corresponding luminosity values 176
and 130.2 pb−1, respectively [20]. Based on this negative search, we will constrain our parameters space.
2 Similar to the cases in Ref. [15].
5Using LANHEP [42] to implement the model (6) and CALCHEP [43] to compute the cross sections for the
background e−e+ → νν¯γ and the signal e−e+ → γ + /ET , taking into account the same cuts used by LEP-II to
search for the single photon events [20], we have the following:
• The polar angle of the photon is |cosθγ | < 0.97.
• The transverse momentum of photon must satisfy pγT > 0.02 Ec.m. (GeV).• The energy of the photon must satisfy Eγ > 1 GeV.
At the end, we generate 3000 benchmark points that are in agreement with the bounds from the muon
anomalous magnetic moment and the LFV processes `α → `β + γ and `α → `β + ¯`β + `β . We distinguish two
cases with mNi = {25, 30, 35 GeV} and mNi = {50, 60, 70 GeV}. In Fig. 2, we display the significance of the
signal e−e+ → γ + /ET (in the palette) for different values of the coupling |g1e| and the charged scalar mass for
the two cases mentioned previously.
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FIG. 2: The coupling |g1e| as a function of mS for 3000 benchmark points with the two cases mNi = {25, 30, 35 GeV}
(left) and mNi = {50, 60, 70 GeV} (right). The palette represents the signal significance S of the process e−e+ → γ+ /ET
for the c.m. energy values Ec.m. = 188.6 (up) and Ec.m. = 207.2 (down) with the integrated luminosity L = 176 pb
−1
and L = 130.2 pb−1, respectively. The solid (dashed) line corresponds to the new constraint at LEP II, which makes
the signal significance smaller than S < 3 (S < 2). For most of the benchmark points used here, the missing energy is
identified as /ET = N1N1, which justifies the choice of |g1e| in the y axes.
From Fig. 2, one can remark that once the LFV bounds are fulfilled the bound from LEP-II is also satisfied
for N1 heavier than 50 GeV, whereas LEP-II could exclude some benchmark points, especially using the analysis
with Ec.m. = 207.2 GeV. For our analysis, we consider the following numerical values shown in Table III, which
we call model 3 (M3) and model 4 (M4). These values respect the muon anomalous magnetic moment and LFV
bounds in Table II.
In Fig. 3, the normalized distribution of the travelled distance Di for the heavier RHNs N2,3 is shown for
M3,4.
It is very clear that the travelled distance Di is very small for both heavy RHNs N2,3 since their decay via
a three-body process N2,3 → N1 + `α + `β for both M3 and M4. This means that they both decay inside the
detector and can be accounted for missing energy, i.e., /ET = N1N1.
6Models Parameters
mNi (GeV) 25.788, 28.885, 36.274,
M3 mS (GeV) 196.75,
giα/10
−2
 75.063− i0.14367 0.0026819− i0.015758 −136.03i− 70.675−3.6203− i35.9460 −0.0035368 + i0.041316 120.47− i286.100
−3.0602− i0.49553 0.057628− i0.2462700 −235.27 + i33.529
,
mNi (GeV) 62.184, 76.275, 95.736,
M4 mS (GeV) 126.78,
giα/10
−2
 −60.008 + i2.4015 −0.55187− i1.1133 −32.641 + i41.3135.0213 + i22.533 3.5209− i2.2480 −112.35− i32.473
4.2829 + i3.7764 −2.2562 + i2.3886 −171.25− i94.890
.
TABLE III: The parameters values for model 3 and model 4.
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FIG. 3: The normalized distribution of the travelled distance Di (in cm) by the heavier RHNs N2 (solid) and N3 (dashed)
at Ec.m. = 500 GeV.
III. FINAL STATE bb¯+ /ET AT e
−e+ COLLIDERS
The mh = 125.09 GeV Higgs has the dominant decay mode B
(
h→ bb¯) = 57.7% [30], while the Z branching
ratio B (Z → bb¯) = 15.12% [30] is also significant. Then, the choice of the channel bb¯+ /ET is interesting since
the b-tagging efficiency is shown to be about 80% when the misidentification efficiencies for c jet and u/d/s
jet are below 10% and 1%, respectively, at both the ILC and CLIC [25]. This is encouraging in considering
the bb¯ final state for our studied models Mi due to a possible clear signal. In this work, we want to probe the
interactions (1) and (6) through the final state bb¯+ /ET at a leptonic collider. This signal [Figs. 4(d) and 4(e)]
has the background contributions e−e+ → Z(Z, h, γ∗)→ bb¯+ /ET [Fig. 4(a) and (b)] in addition to the W-fusion
diagrams [Fig. 4(c)].
Future experiments such as the ILC [21, 22] and CILC [44, 45] may use polarized beams of electrons and
positrons. This feature could help us to identify the DM nature whether it is fermionic, vectorial, or scalar.
Here, we will consider both cases with and without polarized beams. By varying the c.m. energy in the range
250 GeV < Ec.m. < 1 TeV, we get in Fig. 5 the cross section of different models and the background as a
function of Ec.m. with and without polarized beams.
One can see from Fig. 5 that the cross sections of M1 and M2 are identical for the cases with polarized and
unpolarized beams. This feature is a numerical accident since the cross section is proportional to the Higgs
invisible branching ratio Binv (h→ φφ), which has the same numerical value for M1 and M2, so the aim of the
choice in Table I is to find out the effect of the scalar mass mφ and the coupling cs. One notices also that
the background cross section is increasing (decreasing) for the cases with the polarizations P (e−, e+) = [0, 0]
and [−0.8,+0.3] (P (e−, e+) = [+0.8,−0.3]) as a function of the c.m. energy. This guides us to not consider
the polarization P (e−, e+) = [−0.8,+0.3] in our analysis. For M3 and M4, the cross section is increasing with
respect Ec.m. especially within the polarization P (e
−, e+) = [+0.8,−0.3]. Then, we will consider the c.m.
energy values Ec.m. = 500 GeV and 1 TeV in the rest of our work.
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FIG. 4: The most important Feynman diagrams that contribute to background (a), (b), and (c) [(d) and (e)] [the signal]
for the process e−e+ → bb¯+ /ET .
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
 300  400  500  600  700  800  900  1000
σ
(e
- e
+
->
b
b-
+
E
m
is
s
) 
(p
b
)
ECM (GeV)
P(e
-
,e
+
)=[-0.8,+0.3]
BG
M1
M2
M3
M4
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
 300  400  500  600  700  800  900  1000
σ
(e
- e
+
->
b
b-
+
E
m
is
s
) 
(p
b
)
ECM (GeV)
P(e
-
,e
+
)=[0,0]
BG
M1
M2
M3
M4
10
-4
10
-3
10
-2
10
-1
 300  400  500  600  700  800  900  1000
σ
(e
- e
+
->
b
b-
+
E
m
is
s
) 
(p
b
)
ECM (GeV)
P(e
-
,e
+
)=[+0.8,-0.3]
BG
M1
M2
M3
M4
FIG. 5: The cross section of different models and background as a function of Ec.m. with the polarization P
(
e−, e+
)
=
[−0.8,+0.3] (left) and P (e−, e+) = [+0.8,−0.3] (right) and without polarization (middle). These figures are produced
using the packages LANHEP/CALCHEP [42, 43].
The general signal significance definition is given by3 [46]
S =
√
2× [(NS +NBG)× log(1 +NS/NBG)−NS ], (8)
where NS and NB are the signal and background events numbers, respectively. Here, NS is given by
NS,BG = 
2
b × Lint × σS,BG, (9)
with b = 0.8 being the b-tagging efficiency factor, Lint being the integrated luminosity, and σS,BG being the
signal or background cross section value.
IV. ANALYSIS AND DISCUSSION
In this work, we used LANHEP packages [42] to implement the models and generate their Feynman rules,
and then we used CALCHep [43] to estimate the cross section and produce the differential cross section for the
background and signal at both Ec.m. = 500 GeV and 1 TeV. To define the cuts on the kinematic variables that
maximize the significance, we produced different distributions and looked for ranges in which the background
3 In Ref. [46], the authors used the notation Z0 for the significance, and here we use S instead.
8is reduced while keeping the signal value. Therefore, we generated different distributions, taking into account
the following pre-cuts:
• The transverse momentum of the bottom quark (b) and the bottom antiquark (b¯) must satisfy pT > 15
GeV.
• The missing energy /ET > 30 GeV.
• The invariant mass of the bottom quark (b) and the bottom antiquark (b¯) must be in the range 71 GeV <
M b,b¯ < 145 GeV.
• The jet separation radius must satisfy 4Rb,b¯ > 0.4, where 4R is given by
4R =
√
4φ2 +4η2, (10)
where φ is the azimuthal angle and η is the pseudorapidity.
The first two cuts helped too much to reduce the contamination in the signal region. To ensure that the bb¯
pair was produced through a Z-gauge boson and/or the Higgs as shown in Figs. 4(d) and 4 (e), we considered
the third cut.
In the first step, we considered unpolarized beams of electrons and positrons to generate the differential cross
section for the background (SM) and the signal (the models Mi) at both c.m. energies Ec.m. = 500 GeV and
1 TeV. Then, we looked for kinematical variables regions where the background was reduced and the signal was
as maintained as possible. Then, the full set of cuts is given in Table IV.
Ec.m. Selection cuts
500 15 < pbT , 30 < /ET , 71 < M
b,b¯ < 145 , 0.4 < 4Rb,b¯, 90 ≤ Eb,b¯T ≤ 230 , 210 ≤Mb,/ETT ,
1000 15 < pbT , 30 < /ET , 71 < M
b,b¯ < 145 , 0.4 < 4Rb,b¯,125 ≤ Eb,b¯T , 240 ≤Mb,/ETT .
TABLE IV: The full set of cuts for the process e−e+ → bb¯ + /ET at both c.m. energies Ec.m. = 500 GeV and 1 TeV.
Here, pbT is the transverse momentum of the bottom quark (b), /ET is the missing energy, M
b,b¯ is the invariant mass of
the bottom quark (b) and the bottom antiquark
(
b¯
)
, 4Rb,b¯ is the jet cone angle, Eb,b¯T is the transverse energy for the
bottom quark (b) and bottom antiquark
(
b¯
)
, and M
b,/ET
T is the transverse mass of bottom-missing energy. All masses
and energies are given in GeV.
A. Analysis using unpolarized beams
By imposing the full set of cuts in Table IV at both c.m. energies Ec.m. = 500 GeV, and 1 TeV, using
unpolarized beams, we get the results shown in Table V.
Ec.m. (GeV) σ
BG (fb) Models σS (fb) σ′BG (fb) σ′S (fb) S100 S500
M1 1.475 0.520 0.9808 2.1936
500 108.19 M2 1.479 17.804 0.638 1.2024 2.6888
M3 1.425 0.956 1.7960 4.0168
M4 1.338 1.070 2.0088 4.4912
M1 0.352 0.282 0.3216 0.7192
M2 0.353 0.292 0.3328 0.7448
1000 233.27 M3 1.265 49.072 0.942 1.0720 2.3976
M4 0.954 0.760 0.8656 1.9352
TABLE V: The cross section values of the background and the signal for each model within the pre-cuts σBG, σS and
after applying the full cuts set given in Table IV σ′S ,σ′BG at both c.m. energies Ec.m. = 500 GeV and 1 TeV. The
corresponding signal significance is shown for the luminosity values L = 100 , 500 fb−1.
Through the results presented in Table V, one notices that the signal cross section within the full set of cuts
gets reduced a bit with respect to the case within the pre-cuts for all models at both Ec.m. = 500 GeV and 1 TeV,
whereas, the background cross section gets reduced by about 83.5% (79%) at Ec.m. = 500 GeV (Ec.m. = 1 TeV).
For luminosity L = 100 fb−1, we do not see any deviation from the SM at both Ec.m. = 500 GeV and 1 TeV.
However, for L = 500 fb−1, one could notice a deviation from the SM at Ec.m. = 500 GeV for M3,4. At
Ec.m. = 1 TeV, within the same luminosity value, we could not even see a deviation from the SM for all models.
9Therefore, for this c.m. energy, we require a large luminosity value (1 ab−1 or more) in order to see such a
signal.
In case of large luminosity values that allow the signal to be seen, we show relevant normalized distri-
butions in Figs. 6 and 7, for Ec.m. = 500 GeV and 1 TeV, respectively. The relevant distributions here
are the polar angle between bottom-antibottom jets cos(θb,b¯), the jet energy Eb, the jet transverse energy
EbT =
√
m2b +
−→p 2T , the jet transverse momentum pbT , the transverse mass of the bottom-antibottom jets
M b,b¯T =
√(
EbT + E
b¯
T
)2
−
(−→p bT +−→p b¯T)2, the invariant mass of the missing energy with a jet M b, /ET , the jet
pseudorapidity ηb, the two-jet pseudo rapidity ηb,b¯, and the polar angle between the two jets in the boost
direction cos(Θb,b¯).
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FIG. 6: The relevant normalized distributions of the process e−e+ → bb¯+ /ET at Ec.m. = 500 GeV.
At Ec.m. = 500 GeV (Fig. 6), for scalar DM (M1,2), the normalized distributions have different shapes with
respect to both the background and the fermionic DM case (M3,4), especially for the distributions cos(θ
b,b¯),
Eb, EbT , p
b
T , M
b, /ET , ηb,b¯, and cos(Θb,b¯). For the fermionic DM case (M3,4), the normalized distributions have
the same shape with respect to the background with a remarkable shift. For instance, if the DM is a scalar,
the normalized distributions of cos(θb,b¯) and ηb,b¯ get maximized for 0.4 < cos(θb,b¯) < 0.8 and 0.3 < |ηb,b¯| < 0.8,
respectively. However, at Ec.m. = 1 TeV (Fig. 7), the two cases of scalar and fermionic DM could be easily
distinguished due to the different normalized distributions shapes.
B. Analysis using polarized beams
In search of new physics, the use of polarized beams at future electron/positron colliders such as the ILC and
CLIC could reduce the background and/or enhance the signal [21–23]. The electron or positron polarization is
defined as
P (f) = (NfR −NfL)/(NfR +NfL), (11)
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FIG. 7: The relevant normalized distributions of the process e−e+ → bb¯+ /ET at Ec.m. = 1 TeV.
where NfR (NfL) is the number of right- (left-) handed fermions. At the ILC, the polarization degree of the
electron (positron) beams could reach 80% (30%), i.e., |P (e−)| < 0.80 (|P (e+)|) < 0.30) [22]. The positron
polarization could be improved up to 60% at the CLIC [44, 45].
Here, we reanalyze the same process at the same c.m. energy values within the polarization P (e−, e+) =
[+0.8,−0.3], while keeping the same full set of cuts given in Table IV. We present the results compared to the
case without polarization in Table VI.
P
(
e−, e+
)
= [0, 0] P
(
e−, e+
)
= [+0.8,−0.3]
Ec.m. (GeV) σ
BG(fb) Models σS (fb) S100 S500 σBG (fb) σS (fb) S100 S500
M1 0.520 0.9808 2.1936 0.558 1.9488 4.3584
500 17.804 M2 0.638 1.2024 2.6888 5.061 0.685 2.3832 5.3304
M3 0.956 1.7960 4.0168 2.166 7.2328 16.1736
M4 1.070 2.0088 4.4912 2.570 8.4944 18.9944
M1 0.282 0.3216 0.7192 0.303 0.7640 1.7096
M2 0.292 0.3328 0.7448 0.313 0.7896 1.7656
1000 49.072 M3 0.942 1.0720 2.3976 9.950 5.472 12.8312 28.6912
M4 0.760 0.8656 1.9352 4.219 10.0520 22.4784
TABLE VI: The cross section values for the background σBG and the signal σS estimated for the considered energies
within the full set of cuts given in Table IV, without and with polarized beams at both c.m. energies Ec.m. = 500 GeV
and 1 TeV. The significances S100 and S500 correspond to the two integrated luminosity values L = 100 fb−1 and
500 fb−1, respectively.
From Table VI, by comparing the cases with and without polarization, one remarks that the cross section
value for the background σBG is reduced by about 72% (80%) at Ec.m. = 500 GeV (Ec.m. = 1 TeV). On the
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contrary, the signal cross section value σS gets increased by about 7% for both M1,2 at both c.m. energies
Ec.m. = 500 GeV and 1 TeV. One can also see the cross section value for M3 (M4) gets raised by about 127%
(140%) and by 481% (455%) for c.m. energies 500 GeV and 1 TeV respectively. Consequently, the signal
significance gets enhanced by 303% (323%) and by 1097% (1061%) for M3 (M4) at 500 GeV and 1 TeV,
respectively. When considering the polarization P (e−, e+) = [+0.8,−0.3], the background cross section gets
decreased sharply due to the vertices suppression of the electron-positron with gauge bosons unlike the vertices
of the charged scalar-Majorana fermion-charged lepton (for M3,4), which enhances the cross section.
For luminosity L = 100 fb−1, one discovers for M3,4 at both Ec.m. = 500 GeV and 1 TeV; however, for
L = 500 fb−1, one can see also a discovery for all models at Ec.m. = 500 GeV except Model 1. At Ec.m. = 1 TeV
within the same luminosity, we could not even see a deviation from the SM for M1,2, unlike M3,4 in which one
can clearly see a discovery. Therefore, we require a large luminosity value (1 ab−1 or more) in order to see such
a signal for two models M1,2 in which DM is a scalar.
In Figs. 8 and 9, we show the relevant normalized distributions at Ec.m. = 500 GeV and 1 TeV, respectively,
using the polarized beams P (e−, e+) = [+0.8,−0.3].
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FIG. 8: The relevant normalized distributions of the process e−e+ → bb¯+ /ET at Ec.m. = 500 GeV with polarized beams
P
(
e−, e+
)
= [+0.8,−0.3].
From Fig. 8, for scalar DM (M1,2), the normalized distributions have different shapes with respect to the
background, especially for the distributions: EbT , p
b
T , M
b, /ET , ηb, and cos(Θb,b¯). However, for fermionic DM
(M3,4), the distributions shape is different for cos(θ
b,b¯),Eb,EbT , p
b
T , M
b, /ET , ηb,b¯, and cos(Θb,b¯). From Fig. 9,
one notices that the normalized distributions Eb, EbT , p
b
T , M
b, /ET , and cos(Θb,b¯) have different shapes between
the background, the scalar DM (M1,2), and the fermionic DM cases (M3,4). One remarks also that for the
background and the fermionic DM case (M3,4) the normalized distributions have the same shape especially for
cos(θb,b¯), ηb, and ηb,b¯.
By comparing the results produced at Ec.m. = 500 GeV using polarized beams (Fig. 8) with those without
polarization (Fig. 6), one can notice a clear difference. For instance, if the DM is a scalar, the maximum of the
normalized distributions of Eb, pbT , and η
b get shifted into 30 GeV < Eb < 70 GeV, 15 GeV < pbT < 65 GeV,
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FIG. 9: The relevant normalized distributions of the process e−e+ → bb¯ + /ET at Ec.m. = 1 TeV with polarized beams
P
(
e−, e+
)
= [+0.8,−0.3].
and −1 < ηb < 0.2, respectively, with respect to the case without polarization. At Ec.m. = 1 TeV, for the
fermionic DM case (M3,4), the maximum of the normalized distributions of M
b, /ET and cos(Θb,b¯) get shifted
also into 450 GeV < M b, /ET < 780 GeV and |cos(Θb,b¯)| < 0.4, respectively.
To get idea about the required values for the luminosity to observe such a deviation or a discovery, we estimate
the signal significance by varying integrated luminosity values L. We show in Fig. 10 the signal significance for
different models, using polarized and unpolarized beams
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FIG. 10: The significance S vs luminosity L at different c.m. energies (solid lines at 500 GeV, the dashed lines at 1 TeV)
within the full set of cuts given in Table IV, without (left) and with (right) polarized beam. The two horizontal dashed
lines represent S = 3 and S = 5, respectively.
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From Fig. 10, one remarks easily that the use of polarized beams (with the polarization P (e−, e+) =
[+0.8,−0.3]) makes the signal detected with smaller integrated luminosity as compared to the case with un-
polarized beams for each model and at Ec.m. = 500 GeV, 1 TeV. For example, at Ec.m. = 500 GeV, a 5σ
significance requires a minimal luminosity value 750 fb−1 (600 fb−1 ) for M3 (M4) using unpolarized beams.
Using polarized beams, this minimal luminosity value becomes 45 fb−1 (30 fb−1) for M3 (M4). Similar remarks
hold for the models M1,2, where the required luminosity gets decreased form 2500 (1700) to 650 fb
−1 (430 fb−1)
for M1 (M2).
In Table VII, we summarize the events number for the background and the signal for the different models
using polarized and unpolarized beams at Ec.m. = 500 GeV and 1 TeV.
P
(
e−, e+
)
= [0, 0] P
(
e−, e+
)
= [+0.8,−0.3]
Ec.m. (GeV) NBG Models NS S100 S500 NBG NS S100 S500
M1 33.2864 0.9808 2.1936 35.7120 1.9488 4.3584
500 1139.456 M2 40.8320 1.2024 2.6888 323.904 43.8400 2.3832 5.3304
M3 61.1840 1.7960 4.0168 138.6368 7.2328 16.1736
M4 68.4800 2.0088 4.4912 164.4864 8.4944 18.9944
M1 18.0608 0.3216 0.7192 19.4048 0.7648 1.7104
M2 18.6944 0.3328 0.7448 20.0320 0.7896 1.7656
1000 3140.608 M3 60.2880 1.0720 2.3976 636.8064 350.2080 12.8312 28.6912
M4 48.6528 0.8656 1.9360 270.0224 10.0528 22.4784
TABLE VII: The background and signal events number NBG, NS estimated for the considered energies within the full
set of cuts given in Table IV, without and with polarized beams at both c.m. energies Ec.m. = 500 GeV and 1 TeV. The
significance S100 and S500 correspond to the two integrated luminosity values L = 100 and 500 fb−1, respectively.
The results presented in Table VII give evidence that with the polarization P (e−, e+) = [+0.8,−0.3] sup-
presses the background NBG events number by 72% and by 80% for Ec.m. = 500 GeV and 1 TeV, respectively.
Simultaneously, the signal NS number of events for M3 (M4) gets improved by 127% (140%) and by 481%
(455%) for c.m. energies 500 GeV and 1 TeV, respectively. This (significant) excess of events numbers could be
an indication of the nature of DM; i.e., if the DM is a heavy RHN, the excess could be about five times.
V. CONCLUSIONS
In this work, we have investigated the possibility of detecting the signal significance of DM and identifying its
nature. In our setup, the DM could be either a real scalar or heavy RHN produced at future electron-positron
linear colliders such as the ILC and CLIC. To realize this task, we considered the process e−e+ → bb¯ + /ET at
two different c.m. energies: Ec.m. = 500 GeV and 1 TeV. Here, we considered two parameter values sets for
both scalar and RHN cases, four models, and we defined and investigated different experimental constraints for
each case, such as the Higgs invisible decay, the muon anomalous magnetic moment, lepton flavor violation, DM
relic density, and possible constraints from LEP-II. The latter constraint comes from the negative search of the
monophoton at LEP-II, i.e., from the process e−e+ → γ + /ET , which is translated into bounds on the DM and
charged scalar masses and the Yukawa coupling |g1e|.
We found that when using appropriate cuts (in Table IV), the background gets significantly decreased and
the signal significance gets lifted especially for the heavy RHN DM case. Using unpolarized beams at Ec.m. =
500 GeV, the DM nature can be distinguished using the normalized distributions: EbT , p
b
T , M
b, /ET , ηb,b¯, and
cos(Θb,b¯). However, a remarkable shift can be observed in most of the distributions for the fermioinc DM case.
At Ec.m. = 1 TeV , the DM nature can be also distinguished whether it is scalar or fermioinc using the different
distributions.
Using polarized beams, the shape difference with respect to the background for most of the distributions is
more clear, and smaller values of luminosity with respect of the case without polarized beams are required.
Although, using the polarization P (e−, e+) = [+0.8,−0.3], the background cross section gets suppressed by
about 80%, and/or the signal one gets enhanced. This leads to a significant enhancement on the statistical
significance by double if the DM is a scalar and by five times if the DM is a heavy RHN.
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